We investigated the role of nuclear factor erythroid 2-related factor 2 (Nrf2) in renin-angiotensin system (RAS) gene expression in renal proximal tubule cells (RPTCs) and in the development of systemic hypertension and kidney injury in diabetic Akita mice. We used adult male Akita Nrf2 knockout mice and Akita mice treated with trigonelline (an Nrf2 inhibitor) or oltipraz (an Nrf2 activator). We also examined rat immortalized RPTCs (IRPTCs) stably transfected with control plasmids or plasmids containing rat angiotensinogen (Agt), angiotensin-converting enzyme (ACE), angiotensin-converting enzyme-2 (Ace2), or angiotensin 1-7 (Ang 1-7) receptor (MasR) gene promoters. Genetic deletion of Nrf2 or pharmacological inhibition of Nrf2 in Akita mice attenuated hypertension, renal injury, tubulointerstitial fibrosis, and the urinary albumin/creatinine ratio. Furthermore, loss of Nrf2 upregulated RPTC Ace2 and MasR expression, increased urinary Ang 1-7 levels, and downregulated expression of Agt, ACE, and profibrotic genes in Akita mice. In cultured IRPTCs, Nrf2 small interfering RNA transfection or trigonelline treatment prevented high glucose stimulation of Nrf2 nuclear translocation, Agt, and ACE transcription with augmentation of Ace2 and MasR transcription, which was reversed by oltipraz. These data identify a mechanism, Nrf2-mediated stimulation of intrarenal RAS gene expression, by which chronic hyperglycemia induces hypertension and renal injury in diabetes.
N uclear factor erythroid 2-related factor 2 (Nrf2) functions as a master regulator of redox balance in cellular cytoprotective responses (1) . Under baseline conditions, Nrf2 is sequestered in the cytoplasm, stabilized by Kelch-like ECH-associated protein 1 (Keap1), and rapidly degraded by proteasomes. In the presence of oxidative stress, Nrf2 is released from Keap1, translocates to the nucleus, and forms heterodimers with small musculoaponeurotic fibrosarcoma proteins, which bind to the antioxidant response element (RE) in the promoters of various genes, including antioxidant and detoxifying genes, and enhances their expression (1) (2) (3) . Although Nrf2 is abundantly expressed in nondiabetic and diabetic kidneys (4) (5) (6) , its physiological role in the kidneys is undefined.
Studies in rodents with the Nrf2 activators bardoxolone methyl (BM) analogues RTA 405 and dh404 have yielded conflicting results. BM analogues were reported to exert potent antidiabetic effects in mice with dietinduced diabetes and in rodent models of type 2 diabetes (T2D) and obesity (7, 8) . Others found that BM analogues increased albuminuria and blood pressure along with weight loss in Zucker diabetic fatty rats (9) and, at high doses, worsened diabetes-associated atherosclerosis and kidney disease in diabetic apoE 2/2 mice (10). A phase 2 clinical trial with BM in human T2D with stage 3b or 4 chronic kidney disease reported reductions of serum creatinine levels and slight increases of estimated glomerular filtration rate (GFR) (11) , suggesting a renoprotective action. However, phase 3 clinical trials with BM involving patients with T2D and stage 4 (advanced) diabetic kidney disease were discontinued after 9 months of follow-up because of increased mortality and heart failure rates, as well as development of hypertension and albuminuria without favorable effects on the GFR (12) . Thus, whether Nrf2 activation is beneficial in patients with diabetes and kidney disease remains to be investigated. Currently, three phase 2/3 clinical trials are under way to test the safety and efficacy of BM. We reported previously that catalase (Cat) overexpression, specifically in renal proximal tubule cells (RPTCs), curbed systemic hypertension and RPTC apoptosis (13) (14) (15) and prevented oxidative stress and Nrf2 stimulation of angiotensinogen (Agt) gene transcription in diabetic Akita Cat-transgenic (Tg) mice (5) , indicating that Nrf2 stimulation of intrarenal Agt gene expression contributes to the development of systemic hypertension and nephropathy in diabetes. However, little information is available as to whether Nrf2 affects the expression of other renin-angiotensin system (RAS) components, including angiotensin-converting enzyme (ACE), angiotensin-converting enzyme-2 (Ace2), and angiotensin 1-7 receptor (MasR) in diabetic RPTCs, which may be crucial in the development of hypertension and nephropathy in diabetes.
In the current study, we investigated the relationship between Nrf2 and intrarenal RAS gene expression, systemic hypertension and renal injury in Akita mice, a murine model of type 1 diabetes mellitus, and in RPTCs cultured in a high-glucose (HG) milieu.
Materials and Methods

Chemicals and constructs
D-glucose, D-mannitol, the alkaloid trigonelline (C 7 H 7 NO 2 , an Nrf2 inhibitor), and oltipraz (an Nrf2 activator) were purchased from Sigma-Aldrich Canada Ltd. (Oakville, ON, Canada). Normal glucose (NG; 5 mmol/L D-glucose)-Dulbecco's modified Eagle medium (DMEM; Catalog No. 12320), penicillin/ streptomycin, and fetal bovine serum were procured from Invitrogen, Inc. (Burlington, ON, Canada).
The antibodies used in the current study are listed in Table 1 . pGL4.20 vector containing luciferase reporter was obtained from Promega (Sunnyvale, CA). pGL4.20 containing rat Agt gene promoter (N-1495/N+18) and rat Ace2 gene promoter (N-1091/+83) has been described previously (17, 18) . The rat ACE gene promoter (N-1675/+95) and the rat MasR gene promoter (N-1811/+100) were cloned from rat genomic DNA with specific primers (Table 2 ) and then inserted into pGL4.20 plasmid at Bgl II/Xho I restriction sites. Scrambled (Scr) Silencer Negative Control #1 and Nrf2 small interfering RNAs (siRNAs) were obtained from Ambion, Inc. (Austin, TX). Oligonucleotides were synthesized by Integrated DNA Technologies, Inc. (Coralville, IA). Restriction and modifying enzymes were procured from commercial sources.
Generation of Akita Nrf2 knockout mice
Fertile heterozygous Akita mice with spontaneous mutation of insulin 2 (Ins2) gene (C57BL/6-Ins2 Akita /J) and homozygous Nrf2 2/2 knockout (KO) (B6.129X1-Nef2/2 tm1Ywk /J) mice were purchased from Jackson Laboratories (Bar Harbor, ME). We generated Akita Nrf2 KO mice by cross-breeding female homozygous Nrf2 KO mice with male heterozygous Akita mice [N.B.: homozygous Nrf2 KO mice are viable and fertile (4), whereas homozygous Akita mice are infertile]. Akita Nrf2 KO mice are homozygous for Nrf2 KO but heterozygous for Ins2 gene mutation.
Pathophysiology
Male adult (12-week-old) non-Akita wild-type (WT), Nrf2 KO, Akita, and Akita Nrf2 KO mice (10 per group) were studied. All animals received standard mouse chow and water ad libitum. Animal care and experimental procedures were approved by the CRCHUM Animal Care Committee.
Systolic blood pressure (SBP) level was tracked with a BP-2000 tail-cuff pressure monitor (Visitech Systems, Apex, NC) every morning, at least 2 or 3 times per week, for 8 weeks (5, 6, 14, 15, (17) (18) (19) (20) (21) (22) (23) before euthanasia at the age of 20 weeks. Body weight (BW) was recorded. Urine samples were collected and assayed for albumin and creatinine by albumin enzyme-linked immunosorbent assay (Albuwell and Creatinine Companion; Exocell, Inc., Philadelphia, PA) (5, 6, 17, 18) .
After the animals were euthanized, the kidneys were removed, decapsulated, and weighed. Left kidneys were processed for histology and immunostaining. Right kidneys were harvested for isolation of renal proximal tubules (RPTs) by Percoll gradient (5, 6, 17, 18) . Aliquots of freshly isolated RPTs from individual mice were immediately processed for total RNA and protein analyses.
In separate experiments, adult male Akita mice (age, 11 weeks) were divided into three groups (nine mice per group) and treated with 0.9% NaCl intraperitoneally or trigonelline (0.02 mg/kg/d intraperitoneally in 0.9% NaCl) from week 12 and then with or without oltipraz (150 mg/kg/d by gavage in corn oil) starting at week 14 every other day until week 17, according to published protocols including ours (5, 24, 25) .
Histology
Four or five sections per kidney and three mouse kidneys per group were immunostained using the standard avidinbiotin-peroxidase complex method (ABC staining; Santa Cruz Biotechnology, Santa Cruz, CA) (5, 6, 17, 18) . Tissue sections were counterstained with hematoxylin and analyzed by light microscopy by two investigators blinded to the treatments.
Oxidative stress in RPTs was assessed by dihydroethidium (DHE; Sigma) and 5-(6)-carboxy-2 0 ,7 0 -dichlorodihydrofluorescein diacetate (DCFDA; Life Technologies, Burlington, ON, Canada) staining of frozen kidney sections and confirmed by standard assays of reactive oxygen species (ROS) generation (5, 6, 15, 17, 26) in isolated RPTs. Tubular luminal area, mean glomerular, and RPTC volumes were assessed, as described elsewhere (5, 6, 17, 18, 26) .
Western blotting
Western blotting (WB) was performed as described previously (5, 6, 17, 18, 26) . The relative densities of Nrf2, Keap1, NAD(P)H quinone oxidoreductase 1 (NQO-1), Agt, ACE, Ace2, MasR, and b-actin bands were quantified by densitometry with ImageQuant software (version 5.1; Molecular Dynamics, Sunnyvale, CA).
Real-time quantitative polymerase chain reaction
RPT Nrf2, Keap1, NQO-1, Agt, ACE, Ace2, MasR, and b-actin messenger RNA (mRNA) levels were quantified by realtime quantitative polymerase chain reaction (RT-qPCR) with forward and reverse primers (Table 2) (5, 6, 17, 18, 26) .
Urinary angiotensin II and angiotensin 1-7 measurement
Urinary angiotensin II (Ang II) and angiotensin 1-7 (Ang 1-7) levels were quantified by enzyme-linked immunosorbent assay (Immuno-Biological Laboratories, Inc., Minneapolis, MN) and normalized by urinary creatinine levels, as described previously (6, 15, 17, 18, 21, 23, 26) .
Cell culture
Rat immortalized renal proximal tubular cells (IRPTCs; passages 13 through 18) (27) were studied. The plasmids pGL4.20-Agt (N-1495/+18), pGL4.20-ACE (N-1675/+95), pGL4.20-Ace2 (N-1091/+83), and pGL4.20-MasR (N-1811/+100) were stably transfected into IRPTCs (17, 18) .
To study the effects of HG, trigonelline, and oltipraz, IRPTCs at 75% to 85% confluency and stable transformants were synchronized overnight in serum-free DMEM containing NG (5 mmol/L D-glucose), then incubated in 5 mmol/L D-glucose plus 20 mmol/L D-mannitol or 25 mM D-glucose DMEM containing 1% depleted fetal bovine serum for 24 hours in the presence or absence of trigonelline 6 oltipraz (5, 6). Agt, ACE, Ace2, and MasR mRNA levels were quantified by RT-qPCR, and corresponding Agt, ACE, Ace2, and MasR promoter activities were measured by luciferase activity assay (5, 6, 17, 18) . IRPTCs stably transfected with the plasmid pGL4.20 served as controls.
In additional experiments, stable transformants were transiently transfected with Nrf2 or Scr siRNA (5, 6) , and the effects of HG on Agt, ACE, Ace2, and MasR gene promoter activities were analyzed after 24 hours of incubation.
Statistical analysis
The data are expressed as mean 6 standard error of the mean. Statistical comparisons were made by Student t test or one-way analysis of variance and the Bonferroni test as appropriate. P , 0.05 values were considered statistically significant.
Results
Nrf2 expression in Akita and Akita Nrf2-KO mouse kidneys
We confirmed the presence of mutated Ins2 genes in RPTs isolated from Akita and Akita Nrf2 KO mice but not in WT and Nrf2 KO mice . Average SBP was ;20 mm Hg higher in Akita mice at age 12 weeks than in WT mice (P , 0.005) and remained significantly elevated for the study's duration [ Fig. 1(B) ; Table 3 ]. Genetic deletion of Nrf2 significantly decreased SBP compared with that of Akita mice. Nrf2 immunostaining was more pronounced in the nuclei of RPTCs from Akita mice than in those from WT mice and was barely detectable in Nrf2 KO and Akita Nrf2 KO mice [ Fig. 1(C) ]. NQO-1 expression was also higher in RPTCs from Akita mice than in those from WT mice and was markedly reduced in Nrf2 KO and Akita Nrf2 KO mice [ Fig. 1(D) ]. Note: NQO-1 is a member of phase II detoxifying enzymes (28) , and Nrf2 binds to the antioxidant RE in the promoter of the NQO-1 gene and stimulates NQO-1 gene transcription (29) . Thus, NQO-1 has been implied as a downstream mediator of the Nrf2 pathway (30) . In contrast, no differences in Keap1 immunostaining were detected among the groups studied [ Fig. 1(E) ]. Nrf2, NQO-1, and Keap1 protein expression in RPTs assessed by WB [ Fig. 1(F) , 1(G), and 1(H), respectively] and their respective mRNA expression assayed with RT-qPCR ( Fig. 1(I) , 1(J), and 1(K), respectively) were consistent with these changes. Table 3 reports the results of physiological measurements in WT, Nrf2 KO, Akita, and Akita Nrf2 KO mice at the age of 20 weeks. As anticipated, BG levels were ; WB analysis of (F) Nrf2, (G) NQO-1, and (H) Keap1 protein expression and RT-qPCR analysis of (I) Nrf2, (J) NQO-1, and (K) Keap1 mRNA levels in RPTs of WT, Nrf2 KO, Akita, and Akita Nrf2 KO mice. Values are mean 6 SEM; n 5 6 per group. *P , 0.05; ***P , 0.005. WT (empty bars), Nrf2 KO mice (light gray bars), Akita (solid black bars), and Akita Nrf2 KO mice (dark gray bars). ns, not significant; PCR, polymerase chain reaction; SEM, standard error of the mean. significantly higher in Akita and Akita Nrf2 KO mice than in WT or Nrf2 KO mice. BG levels were similar in Akita Nrf2 KO and Akita mice. Because of the limited range of detection of the Accu-Check Performa glucose meter (up to 33.3 mmol/L), we cannot exclude the possibility that undetected differences in BG might have existed between the diabetic groups, but these were not sufficient to affect BW, whereas Akita Nrf2 KO mice exhibited significantly lower SBP than Akita mice. Although Nrf2 KO had no detectable effects on BW, it decreased, though never completely normalized, kidney weight (KW)/BW and KW/tibial length ratios, urinary albumin-creatinine ratio, glomerular tuft volume, tubule lumen area, proximal tubular cell volume, and urinary Ang II levels in Akita Nrf2 KO mice compared with Akita mice. Urinary Ang 1-7 levels were normalized in Akita Nrf2 KO mice compared with Akita mice, whereas Nrf2 deficiency did not affect GFR/BW.
Pathophysiological measurements in mice
Histology
Confirming earlier observations (5, 6, 15, 17, 26) , the kidneys of Akita mice exhibited structural damage. The histological changes included proximal tubule cell atrophy, tubular luminal dilatation with accumulation of cell debris, and increased extracellular matrix proteins in glomeruli and tubules [ Fig. 2(A) ; Table 3 ]. Nrf2 KO markedly reversed, albeit never completely resolved, these abnormalities.
We detected significantly stronger staining for DHE [ Fig. 2(B) ] and DCFDA [Supplemental Fig. 1(A) ] in RPTs from Akita mice than in those from WT and Nrf2 KO mice, but the staining did not differ from that in Akita Nrf2 KO mice. These findings were confirmed by semiquantification of DHE [ Fig. 2(E) ] and assessment of ROS levels in RPTs by the lucigenin assay [ Fig. 2(F) ].
Immunostaining for Cat Effects of Nrf2 deletion on Agt, ACE, Ace2, and MasR expression in Akita mice
Immunostaining revealed higher Agt [ Fig. 3(A) ] and ACE [ Fig. 3(B) ] expression in RPTCs from Akita mice than in those from WT or Nrf2 KO mice. In contrast, Ace2 [ Fig. 3(C) ] and MasR [ Fig. 3(D) ] expression was lower in RPTCs from Akita mice than in those from WT or Nrf2 KO mice. Akita Nrf2-deficient mice exhibited enhanced Ace2 and MasR expression [ Fig. 3(C) and 3(D) , respectively]. Moreover, Ace2 and MasR expression was higher in RPTCs from Nrf2 KO mice than in those from 
Effects of Nrf2 deficiency on tubulointerstitial fibrosis in Akita mice
Masson trichrome staining revealed higher collagenous matrix protein expression [Supplemental Fig. 1(B) ] in the tubulointerstitium of Akita mice compared with Figure 2 . Characterization of Akita Nrf2 KO mice. (A) Periodic acid-Schiff (PAS) staining (magnification 3600), (B) DHE (red) and DAPI staining (blue) (magnification 3200), (C) Cat and (D) Nox4 immunostaining in kidney sections (magnification 3600) from male WT, Nrf2 KO, Akita, and Akita Nrf2 KO mouse kidneys at age 20 weeks. Semiquantification of (E) DHE fluorescence, (F) ROS production, (G) Cat activity, (H) nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity, (I) Cat mRNA, and (J) Nox4 mRNA expression in RPTs of WT controls, Nrf2 KO, Akita, and Akita Nrf2 KO mice. Values are expressed as mean 6 SEM; n = 8 per group. *P , 0.05; **P , 0.01; ***P , 0.005. WT (empty bars), Nrf2 KO mice (light gray bars), Akita (solid black bars), and Akita Nrf2 KO mice (dark gray bars). DAPI, 4 0 ,6-diamidino-2-phenylindole; ns, not significant; SEM, standard error of the mean.
that of WT or Nrf2 KO mice, with more pronounced attenuation in Akita Nrf2 KO mice. Increased immunostaining of transforming growth factor (TGF)-b1, fibronectin-1 (FN1), and collagen 1 (Col 1) [Supplemental Fig. 1(C), 1(D) , and 1(E), respectively] was also detected in the tubulointerstitium of Akita mice compared with that of WT or Nrf2 KO mice. Genetic deletion of Nrf2 in Akita mice markedly attenuated TGF-b1, FN1, and Col 1 Figure 3 . Agt, ACE, Ace2, and MasR expression in mouse kidneys at week 20. Immunohistochemical staining of (A) Agt, (B) ACE, (C) Ace2, and (D) MasR in mouse kidneys. Magnification 3600. WB of (E) Agt, (F) ACE, (G) Ace2, and (H) MasR expression and RT-qPCR analysis of (I) Agt, (J) ACE, (K) Ace2, and (L) MasR mRNA levels in RPTs of WT, Nrf2 KO, Akita, and Akita Nrf2 KO mice. Values are expressed as mean 6 SEM; n 5 8 per group. *P , 0.05; **P , 0.01; ***P , 0.005. WT (empty bars), Nrf2 KO mice (light gray bars), Akita (solid black bars), and Akita Nrf2 KO mice (dark gray bars). ns, not significant; SEM, standard error of the mean. To confirm the impact of Nrf2 on Agt, ACE, Ace2, and MasR expression in IRPTCs, we studied the effects of the Nrf2 inhibitor alkaloid trigonelline 6 the Nrf2 activator oltipraz. Trigonelline treatment prevented HG stimulation of Agt and ACE and suppression of Ace2 and MasR mRNA expression in IRPTCs, and these actions were abrogated by oltipraz [ Fig. 5(E) , 5(F), 5(G), and 5(H), respectively].
Effect of trigonelline and oltipraz on expression of intrarenal RAS in Akita mice
Trigonelline administration did not affect BG [ Fig. 6(A) ], whereas it significantly lowered SBP in Akita mice [ Fig. 6(B) ; Table 4 ]. This was reversed by oltipraz treatment. Trigonelline significantly decreased the KW/BW and KW/tibial length ratios but not urinary albumin-creatinine ratio and Ang II/creatinine levels ( Table 4) . These actions were also reversed by oltipraz. Interestingly, trigonelline treatment completely normalized urinary Ang 1-7/creatinine levels in Akita mice compared with non-Akita mice, without affecting GFR/BW.
To test the antioxidant capacity of trigonelline, we examined the effect of trigonelline on oxidative stress in kidneys of Akita mice. Treatment of Akita mice with trigonelline markedly attenuated DHE staining [ Fig. 6(C) ; semiquantification of DHE staining is shown in Fig. 7(A) ] and reduced ROS levels in RPTs assessed by the lucigenin assay [ Fig. 7(B) ]. Furthermore, trigonelline prevented HG-induced ROS generation in IRPTCs in a concentration-dependent manner [Supplemental Fig. 3  (A) ]. Thus, trigonelline possesses an intrinsic antioxidant property to lower ROS generation in diabetic RPTCs.
Trigonelline also markedly attenuated renal damage, including glomerulosclerosis, tubule lumen dilatation, and accumulation of cell debris as assessed with periodic acid-Schiff staining [ Fig. 6(D) ], and these changes were reversed by oltipraz. Consistently, RPTCs of Akita mice exhibited higher immunostaining for Nrf2 [ Fig. 6(E 
Discussion
Our results document that selective genetic deletion of Nrf2 or pharmacological blockade of Nrf2 with trigonelline in Akita mice effectively upregulated RPTC Ace2/MasR and suppressed Agt/ACE expression, resulting in attenuation of systemic hypertension and kidney injury. Consistently in cultured IRPTCs, Nrf2 siRNA transfection or trigonelline treatment prevented HG-induced upregulation of Agt/ACE and downregulation of Ace2/MasR gene expression. The effects of trigonelline were reversed by oltipraz both in vitro and in vivo. These data identify a mechanism underlying Nrf2 activation by oxidative stress (secondary to hyperglycemia) that stimulates intrarenal RAS gene expression and activation, leading to the development of hypertension and nephropathy in diabetes.
Akita mice, an autosomal dominant model of spontaneous type 1 diabetes with a mutated Ins2 gene, have decreased numbers of pancreatic islet b-cells and have developed hyperglycemia as early as 3 to 4 weeks of age (31) . By age 13 to 30 weeks, male Akita mice manifest impaired renal function and increased oxidative stress markers in their RPTs (32, 33) . Akita mice represent a useful model to study the early to moderately advanced renal morphological changes in patients with type 1 diabetes.
In the current study, we found that Nrf2 and NQO-1 expression was increased in RPTs of 20-week-old Akita mice compared with those of WT mice. This was associated with marked increases in ROS generation, NADPH oxidase activity, and Nox4 mRNA expression, Figure 5 . Effect of Nrf2 siRNA and trigonelline on Agt, ACE, Ace2, and MasR promoter activity and mRNA in IRPTCs in HG medium. Dosedependent effect of Nrf2 siRNA and Scr siRNA on (A) Agt, (B) ACE, (C) Ace2, and (D) MasR promoter activity in stably transfected IRPTCs incubated in HG medium and quantified by luciferase activity assay. Effect of trigonelline (Trig) 6 oltipraz (Olz) on (E) Agt, (F) ACE, (G) Ace2, and (H) MasR mRNA expression in IRPTCs incubated in HG medium and quantified by RT-qPCR. Cells were harvested after 24 hours of incubation. Promoter activity and mRNA levels in cells incubated in NG medium are expressed as 100% control and arbitrary unit 1, respectively. The results are reported as percentages or fold of change of control values (mean 6 SEM; n = 3 for three separate experiments done in triplicates). *P , 0.05; **P , 0.01; ***P , 0.005. ns, not significant; SEM, standard error of the mean.
whereas Cat activity and Cat mRNA expression were lower in RPTCs of Akita mice than in those of WT mice. These changes were similar to those detected in Akita Nrf2 KO mice, indicating that hyperglycemia-induced oxidative stress and higher Nox4 activity with suppressed Cat activity may contribute to renal injury in Akita mice. We do not presently understand why increased Nrf2 expression and activity (reflected by heightened NQO-1 expression) cannot attenuate oxidative stress (as evidenced by augmented DHE and DCFDA staining and ROS generation) in Akita mice. Our data, including our previous reports (5, 6) and studies in diabetic rats by other groups (34, 35) , document reduced Cat activity in diabetic mice. Thus, one possibility is that hyperglycemia results in decreased Sirtuin-1 and Foxo3a expression and consequently lowers Cat expression, thereby enhancing ROS generation in diabetic kidneys (36, 37) . Another possible explanation is that hyperglycemia enhances nuclear factor kB (NF-kB) activation to compete for Nrf2 stimulation of transcription of antioxidant genes including Cat. The latter possibility is supported by the findings that the phosphorylated NF-kB p65 subunit and Nrf2 both bind to the same domain of CREB-binding protein, a coactivator of Nrf2 (38) . The phospho-NF-kB p65 subunit could then attenuate the transcription of antioxidant RE-dependent genes by depriving CREBbinding protein from Nrf2 through a competitive mechanism (38) .
The mechanisms leading to SBP elevation in Akita mice are incompletely understood. The possibility that downregulation of Ace2 and MasR gene expression and upregulation of Agt and ACE gene expression, yielding higher Ang II/Ang 1-7 ratios that facilitate the development of hypertension, has received considerable attention (39) (40) (41) . Indeed, our data disclosed significantly higher RPTC Agt and ACE expression and urinary Ang II levels with lower RPTC Ace2 and MasR expression and urinary Ang 1-7 levels in Akita mice than in WT mice. These observations are consistent with our earlier findings of markedly elevated ACE and depressed Ace2 expression in the kidneys of Akita Agt-Tg mice (21) , suggesting that upregulation of Ace2/MasR expression to increase Ang 1-7 level is important to downregulate Agt/ACE expression and prevent systemic hypertension in Akita mice (26) . These findings are consistent with clinical reports of heightened intrarenal RAS and urinary Ang II expression with lower Ace2 expression in patients with hypertensive diabetic (42) (43) (44) (45) (46) .
The exact mechanism(s) by which Nrf2 deficiency leads to downregulation of renal Agt/ACE and upregulation of Ace2/MasR gene expression in diabetes remain(s) unclear. One possibility is that hyperglycemia/ ROS augments Nrf2 activation by promoting its dissociation from Keap1 and translocation into the nucleus. Nrf2 then binds to Nrf2-binding sites in the Agt/ACE gene promoter regions and promotes Agt/ACE gene expression. Previously, we showed that Nrf2 binded to Nrf2-binding sites in the Agt gene promoter (5) . Thus, Nrf2 deletion in Akita mice should diminish Agt gene expression. Consistently, Nrf2 siRNA transfection diminished HG stimulation of Agt/ACE gene promoter activity and upregulation of the Ace2/MasR gene promoter in IRPTCs. These observations could be explained by the presence of Nrf2-REs in the Agt gene promoter (5) and of potential putative Nrf2-REs in ACE, Ace2, and MasR gene promoters. Indeed, studies are ongoing in our laboratory to identify these putative Nrf2-REs. How might oxidative stress lead to interstitial fibrosis in Akita mice? One possibility is that augmented Agt/ ACE expression with Ang II elevation via ROS generation stimulates TGF-b1 and subsequently enhances the expression of extracellular matrix proteins and profibrotic genes in RPTCs, resulting in interstitial fibrosis (47) . Indeed, neutralizing TGF-b1 with antibody was reported to alleviate fibrosis and tubule cell apoptosis in animal models of diabetes (48) . We also detected higher TGF-b1, FN1, and Col I protein and mRNA expressions in the RPTs of Akita mice than in those of WT controls. These increases were mitigated in Akita Nrf2 KO mice, linking Nrf2 with intrarenal RAS activation and upregulation of TGF-b1 expression in RPTs and consequently to interstitial fibrosis in Akita mice. Thus, our findings support the notion that Nrf2 activation aggravates tubulointerstitial fibrosis with nephropathy progression in diabetes.
At present, our data do not dealineate whether kidney damage in Akita mice is due to hyperglycemia or hypertension per se. We previously reported that dual RAS blockade normalized Ace2 expression and prevented hypertension and tubular apoptosis in Akita angiotensinogen-Tg mice without affecting hyperglycemia (21) , suggesting that the hypertension induced by intrarenal RAS activation plays a predominant role in diabetic nephropathy progression. Furthermore, our recent observation that insulin treatment normalized hyperglycemia and hypertension, inhibited Nrf2 gene expression, and prevented Nrf2 stimulation of Agt gene expression in RPTs of Akita mice (6) indicates that hyperglycemia can evoke intrarenal RAS gene expression and subsequently hypertension development in diabetes. Thus, these studies point to the importance of hyperglycemia-induced intrarenal RAS activation via Nrf2 expression in the development of hypertension in Akita mice. Clearly, more studies are needed to define the contribution of hypertension and hyperglycemia to kidney damage in diabetes.
The exact mode of the mechanism by which trigonelline decreases Nrf2 protein levels in the RPTs of Akita mice is unknown. However, we found that trigonelline decreased oxidative stress (DHE staining) in the kidneys of Akita mice and inhibited Nrf2 promoter activity, Nrf2 mRNA expression, and Nrf2 nuclear translocation in IRPTCs in HG. These data indicate that trigonelline inhibits Nrf2 protein expression via inhibition of Nrf2 gene transcription by lowering oxidative stress in diabetic RPTCs. These data are consistent with our previous report that overexpression of catalase in RPTCs inhibited Nrf2 expression in Akita mice (5) . Furthermore, lowering Nrf2 nuclear translocation by trigonelline may prevent positive autofeedback of Nrf2 on Nrf2 gene transcription (49) . Clearly, more studies are needed to elucidate the underlying mechanism of trigonelline action on Nrf2 expression.
In summary, our findings document that selective Nrf2 KO upregulated renal Ace2/MasR gene expression with downregulation of Agt/ACE gene expression and prevented systemic hypertension and renal injury in diabetes. Our results imply an important role for oxidative stress-induced Nrf2 expression and activation in the development of hypertension and renal injury in diabetes by altering local intrarenal RAS expression.
